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Abstract. Two-way acoustic propagation measurements obtained along 200-m

horizontal paths, a few meters below ice in the eastern Arctic, are used to estimate
energy dissipation rate and momentum transfer between the ice and the ocean.

Forward scattered sound propagating through the turbulent fluid of the boundary
layer under ice produces characteristic scintillation patterns at the receivers which
are interpreted in terms of the refractive index fine structure of the flow. Reciprocal
travel time measurements yield information about the velocity variability along each
acoustic path. By combining these two types of measurements, the contributions of
sound speed and water-particle velocity fluctuations to forward acoustic scatter can
be separated. For the particular case of the under-ice boundary layer, sound speed
variability is negligible. Therefore, under the assumptions of a Kolmogorov inertial

subrange and Taylor’s frozen field hypothesis, the one-way and the reciprocal
acoustical measurements provide two independent estimates of turbulent kinetic
energy dissipation rate averaged over the propagation paths. Both these methods
yield a value of 8 x 1078 W kg~! 6 m from the bottom of the ice for a 7-hour

period during which the mean ice-relative velocity is 0.11 m s~ !,

1. Surface layer

approximations then yield a value of 0.03 N m~2 for turbulent stress near the
surface. The acoustical measurements also indicate that circulation around ice keels

can cause horizontal “lift forces” of order 10% N.

Introduction

In order to model the interaction between the polar
oceans and the atmosphere and predict the extent and
drift of the ice cover, it is necessary to measure and
describe small-scale processes that occur in a turbulent
boundary layer just beneath the ice. Measurements in
this layer have traditionally been carried out using in-
struments that have a high degree of spatial resolution
[Langleben, 1982; Shirasawa, 1986; McPhee, 1990; Pad-
man and Dillon, 1991]. The drawback to these meth-
ods is that they are essentially local in character and
can therefore be biased by local flow inhomogeneities
due to the irregular ice topography and the intermit-
tency of dissipation events. Here we describe a recip-
rocal acoustic propagation experiment which provided
horizontally integrated properties of the turbulent flow
along 200-m horizontal paths a few meters beneath ice.
These measurements are compared with concurrent in
situ observations.
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Point measurements can sense individual turbulent
eddies, but the statistical description of a turbulent flow
is more useful for oceanographic purposes. For this
reason, Taylor’s frozen field hypothesis is invoked to
estimate streamwise correlation functions from single-
point time series [e.g., Lumley and Panofsky, 1964, sec-
tion 1.17]. This hypothesis is the approximation that
the turbulence is essentially frozen as it is advected past
the instrument. It is valid when the kinetic energy of
the fluctuations is much smaller than that of the mean
ice-relative flow. When this approximation holds, space
correlation functions or wavenumber spectra can be in-
ferred from the time series.

However, these statistical estimates must be inter-
preted with care. McPhee [1990] cites an example in
which surface stress calculated from simultaneous cur-
rent meter profiles, spaced about 100 m apart, varied
by a factor of 2.5 due to local under-ice topography. In
addition to localized flow inhomogeneity, geophysical
turbulence is a patchy and intermittent process. Oakey
and Elliott [1982] observed significant changes, often a
factor of 10, in turbulence levels between two profiles
a few minutes apart. Yamazaki et al. [1990] report a
factor of 2 difference between vertical and horizontal
measurements of dissipation rates. These differences
emphasize the necessity of adequate space-time averag-
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ing to obtain representative estimates of the statistical
properties of turbulent flows.

The advantage of the acoustical techniques described
in this paper is that they acquire path-averaged proper-
ties over baselines several times that of the turbulent ed-
dies being measured. Forward scattered sound provides
the basis for probing the sound speed fine structure of
turbulent flows [Flatté, 1983; Farmer et al., 1987; Dilo-
rio and Farmer, 1994]. Reciprocal travel time measure-
ments contain information about the velocity fine struc-
ture [Menemenlis, 1993, 1994]. These remote sensing
techniques forfeit the observation of individual eddies
in favor of a more representative statistical description
of the turbulence.

Here these methods are applied to acoustical mea-
surements that were collected by Menemenlis and Farmer
[1992] as part of the Coordinated Eastern Arctic Exper-
iment (CEAREX). The resulting statistical information
about the sound speed and water-particle velocity fine
structure of the mixed layer is used to estimate turbu-
lent kinetic energy dissipation rate, momentum transfer
between the ice and the ocean, and the drag coefficient.

In addition, the particular configuration of the acous-
tical array allows a direct measurement of circulation
around the ice keels enclosed by the acoustic paths.
This signal is used to estimate the horizontal “lift forces”
exerted on the keels by the mean flow.

Theory

The purpose of this section is to introduce the nota-
tion and the equations required for studying under-ice
turbulence using the acoustical measurements. Theo-
retical results will be stated without derivation as more
complete discussions are to be found in the references.
We first consider the use of acoustical amplitude fluc-
tuations at the receiving hydrophone to infer the statis-
tical properties of the intervening turbulent flow. Next
we discuss the interpretation of fluctuations in recipro-
cal travel time difference. It is shown that under certain
circumstances these two signals can be used to estimate
kinetic energy dissipation rate e. We also review how
€ can be used to approximate the drag coeflicient and
the stress exerted by the ocean on the ice. The reader
who is primarily interested by the experimental results
may skip this section at first reading.

Forward Scattered Sound

The theory of wave propagation through random me-
dia is well developed for the weak scattering regime
[Lee and Harp, 1969; Tatarskii, 1971; Ostashev, 1994].
Tatarskii [1993] gives a particularly cogent qualitative
interpretation. Briefly, the refractive index inhomo-
geneities of the flow act as weak lenses which focus or
disperse the incoming acoustic energy. This effect is re-
sponsible for the so-called “scintillation” of the acoustic
amplitude at the receiving hydrophone, in the same way
that light from distant stars appears to scintillate be-
cause it interacts with the turbulent atmosphere. For
geometrical optics the largest focusing effect is caused
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by the smallest lenses because of their smaller radii of
curvature and focal lengths. However, owing to diffrac-
tion effects, lenses with dimensions smaller than the first
Fresnel zone size, (Aaﬁ)l/z, cannot focus or defocus the
acoustic energy. Therefore the most effective scatterers
are turbulent scales in the neighborhood of (A.£)'/?,
where A, is the acoustic wavelength and £ is the range.
Consider transmitting and receiving transducers sep-
arated by distance £ within a turbulent flow. The inter-
vening random fluctuations in sound speed c(x,t) pro-
duce a signal whose pressure amplitude P(x,t) varies
as a function of position x and time ¢. By conven-
tion, the sound speed fluctuations are described by
@ = ({(c) — ¢)/c, and the acoustic fluctuations by x =
In(P/(P)), where the angle brackets indicate ensemble
averaging. The space-time correlation function,

R#(X) r,t,7) = (p(x, t) p(x + 1,2 + 7)), (1)

provides a simple statistical description of the sound
speed field; r and 7 are the spatial and temporal lags,
respectively. (If p is a Gaussian random variable, then
this description is also complete, otherwise higher sta-
tistical moments need to be specified.) Assuming p is a
stationary random function of space and time, the spec-
tral density of the refractive index fluctuations is defined
as the Fourier transform of the correlation function,

(2%3_4

where k is a wave vector. For isotropic turbulence the
vectors k and r in (2) can be replaced by their scalar
magnitudes k and 7, respectively.

Acoustical measurements from a transmitter-receiver
pair yield the time-lagged autocorrelation of x [Clifford,
1971],

exp(—ik - r)R,(r)dr, (2)

[ee]

x@®)x(t+7)= /cos(27rf7')GX(f) df, (3)

0

Ry (7)

where G,(f) is the temporal spectrum of log-amplitude
fluctuations. Here the overbar denotes time averaging
which is equivalent to ensemble averaging for an ergodic
process and is easier to measure in practice.

Of particular interest to the present analysis is a re-
sult which expresses G, (f), the log-amplitude spec-
trum, in terms of ¢,(k), the three-dimensional spec-
tral density of the refractive index fluctuations [ Clifford,

1971],
)

Gx(f)=87rzkf/l 7 [1—COS(M
x ku(k) [(RUL)? — (2nf))7/? dkds, (4)

kol
0 2xf/U,

where the acoustic wavenumber k, = 27/A,, k is a
wavenumber associated with turbulence, and U, is the
mean flow speed perpendicular to the acoustic path.
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This result is valid for spherical waves propagating
through weakly scattering homogeneous media, i.e., for
(x?) < 0.3, and for acoustic path lengths much greater
than the outer scale of turbulence. It is obtained by
assuming that the significant scales, i.e., those in the
neighborhood of the first Fresnel zone size, lie in a range
where the spectral density of the refractive index fluc-
tuations is isotropic. In addition, Taylor’s frozen field
hypothesis has been used to relate the spatial and tem-
poral scales of the turbulent flow, as discussed in the
introduction.

Kolmogorov Spectrum

The assumption of isotropy is approximately sat-
isfied in the so-called Kolmogorov inertial subrange.
Kolmogorov postulated that in high Reynold’s number
flows there exists a range of wavenumbers, between the
energy containing and dissipation ranges, in which the
turbulence is locally isotropic and in which the energy
spectrum FE(k) depends only upon wavenumber & and
dissipation rate . Dimensional arguments then require

that
E(k) = (5)

This approximation is often used to estimate ¢ [Gargett
et al., 1984]. Empirical evidence suggests that A ~ 1.5
[Hinze, 1975, section 3.5].

Under certain circumstances, sound speed fluctua-
tions behave as advected, passive contaminants which
closely follow the turbulent velocity behavior. A similar
power law is then predicted for the refractivity spectrum
[Tatarskii, 1971, section 1.15]

AP 53,

ou(k) =0.033C2 k" 1/3, (6)
where C? is the structure parameter that characterizes
the strength of refractive index fluctuations. For this
particular case, Clifford [1971] provides an analytic so-
lution for (4),

Oulf) =210 K [Lon (13,8, )

a2\ /3 B ;
5 (=) e EGa )] o
where K = k2/>07/3C2 /U, Q = f(272,£)"/?/U ., Re

indicates the real component of the bracketed expres-
sion, I'(—4/3) = 3.05 is the gamma function, and

>\ T(a+n)T(b 4+ n)T(c)T(d)2"

H(a, b, c,d, Z) = nE::O F(a)F(b)F(C + n)[‘(d + n)n!

(8)

is the confluent hypergeometric function. The asymp-
totic forms of (7) are

(9)
(10)

Gy(f) =0.101K (1+0.1190*°%) o<1,

Gy(f) =2.19KQ7%° o> 1.
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The series in (8) is easily evaluated by noting that the
first term of the summation is A, = 1 and that each
successive term can be obtained using the recursive for-
mula

(a+n)(b+ n)z
"erm)d+n)n+ 1)

(11)

hn+1 =

However, the convergence of (8) is slow for £2 > 1, and
the asymptotic form (10) should be used instead.

Equations (4), (6), and (7) describe the effect of ran-
dom sound speed fluctuations on the underwater scat-
tering of acoustic radiation for a Kolmogorov refractiv-
ity spectrum. These results may be readily extended to
include the effect of random fluctuations in fluid veloc-
ity if C’: is replaced by the so-called effective spectral
structure parameter [Ostashev, 1994],

11 C2

2 _ 2
Ch=C S

(12)

C2 is the velocity structure parameter, and it is related
to the dissipation rate by [Lumley and Panofsky, 1964,
section 2.9]

C2 = 1.314¢%/3 » 2¢%/3, (13)
In the event that forward scatter from sound speed fluc-
tuations is negligible relative to that from water-particle
velocity fluctuations, the above results afford an esti-

mate of energy dissipation rate based on log-amplitude
spectra.

Reciprocal Travel Time Measurements

A second and more direct method of estimating the
dissipation rate is provided by two-way acoustical mea-
surements. Reciprocal travel time difference between
two points is proportional to the mean along-path ve-
locity component. Let u(x,t) be a random velocity field
with zero mean and stationary in x and ¢ which is ad-
vected in direction # relative to measuring baseline £
by the mean ice-relative flow U. Consider the along-
path velocity fluctuations, us(x,t) = u(x,t)-£/4, where
£ = |¢|. The corresponding spectral density is

(271r)3 / exp(—ik - r) Ry(r)dr, (14)

where Ry(r) = (ug(x)ug(x +r)). Line averaging over
the path vector £ can be considered as a process which
generates a new random velocity field, @g(x,t). The
one-dimensional spectral density of wy(x,t) is [Mene-
menlis, 1994]

[oo]

ﬁ’g(kl) = i / exp(—iklrl)fzg(rl)drl

-

sin?(k - sin®(k - £/2)

(K. £/2 o (k) dk2 dks,

(15)
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where k; is the streamwise wavenumber; k; = k - U/U,
U = |U[; r; is a streamwise displacement; Ry(ry) is the
streamwise correlation of 4y, and k3, k3 are the cross-
stream wavenumbers. For long measuring baselines
compared with the scales of interest, k1£sinf > 4w,
and for the Kolmogorov energy spectrum of (5), it can
be shown that [Menemenlis, 1993, section 5.2]

% sin®/39 4 £%/3 kl_s/a.

Fg(kl) ~ (16)
Equation (16) predicts a —8/3 slope for integrated ve-
locity spectra inside the Kolmogorov inertial subrange
and provides an estimate of € given Fy(k1). As before,
Taylor’s frozen field hypothesis can be used to obtain
spatial spectra from the measured frequency spectra.
Corrections for anisotropy and the temporal evolution
of turbulence were considered by Menemenlis [1994],
but neither of these two factors is likely to cause errors
exceeding 20% when the measuring baseline is approx-
imately perpendicular to the mean relative flow, i.e.,
when 68 ~ 90°. The present result can be combined
with forward acoustic scatter measurements in order to
separate the contributions of C’: and C2, the sound
speed and water-particle velocity structure parameters,
respectively, to the effective structure parameter C % in
(12).

Surface Layer

We now discuss the surface layer approximations which
will be used to estimate drag at the ice-ocean inter-
face. Under steady state conditions there often ex-
ists a region near the ice where the Reynolds’ stress
of the fluid 7(z) does not appreciably change magni-
tude or direction with depth [McPhee, 1986]; that is,
7(z) = —p{w(z)v(z)) =~ T,, a constant, p is seawater
density, w(z) and v(z) are the vertical and horizontal
velocity fluctuations, respectively, and z is the distance
from the bottom of the ice. This region is commonly
called the surface layer and comprises roughly one tenth
of the mixing layer under ice [McPhee, 1990]. If in ad-
dition to constant stress, the buoyancy fluxes caused
by freezing or melting of the ice are negligible, then,
on dimensional grounds, the mean velocity gradient is
[Stewart, 1979]

~
~

oU(z)
0z

Ux

(17)

- bl

Kz

where u, is the friction velocity, 7, = |7,| = pu?, and
k = 0.4 is von Kdrmén’s constant. Integrating (17),
one finds that the mean velocity profile varies logarith-
mically with distance from the boundary,
Ux

U(z) = ?ln(z/zo), (18)
where 2, is a length scale known as the roughness
length. It is common to relate the turbulent stress
near the surface 7, to the mean ice-relative velocity
U(z) by the quadratic drag coefficient, Cp(z), so that
7o = pCp(2)U *(z) and
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u2

oy = [% ln(z/zo)}_z.

In the surface layer, storage terms are negligible and
the rate of turbulent kinetic energy production by the
working of the stress on the mean gradient is approxi-
mately balanced by the dissipation rate,

e(z) = == = Ew.

Therefore the measurement of dissipation rate £ and
mean relative velocity U near the ice can provide esti-
mates of momentum transfer and the drag coefficient.
A layer with similar characteristics is also observed in
the atmospheric boundary layer above the ice.

Cp(z) = (19)

(20)

Kz p 0Oz

Measurements

During the spring of 1989 a horizontal triangular
array of acoustical transducers was deployed at the
CEAREX oceanography ice camp, 300 km northwest
of Spitsbergen. The array had horizontal dimensions
of 200 m on a side. It could be raised and lowered to
span the upper 20 m of seawater below the ice. The
measurements discussed here were obtained while the
array was suspended at depths of 20.4 and later 8.4 m
relative to the sea level. This corresponds to nominal
depths below the ice of 18 and 6 m, respectively, for the
observed mean ice thickness of 2.4 m.

For redundancy and to allow recovery of the cross-
path horizontal velocity component using amplitude
scintillation analysis, each suspended mooring comprised
two closely spaced transmitting/receiving transducers.
Coded acoustical signals centered at 132 kHz were trans-
mitted between the vertices of the array at a rate of
1 Hz. Two-way travel time and pressure-amplitude time
series were recorded. The simultaneous reciprocal travel
time measurements along each side of the triangular
array provided the basic data set from which velocity,
horizontal circulation, and average vorticity were subse-
quently determined. These measurements are discussed
at length by Menemenlis and Farmer [1992].

Figure 1 is an acoustic sounding obtained by Colony
[1989] of the under-ice topography of a portion of the
ice field from which the triangular acoustic array was
deployed. The locations of the triangular array and of
other measurements discussed here are indicated. Fig-
ure 1 shows topographic features extending to depths
of 10 m. The irregular topography complicates the in-
terpretation of localized boundary layer measurements
and indicates the need for the spatial averages that can
be provided by the methods discussed in this paper.

By contrast with the open ocean where subsurface
bubbles, which are strong acoustic scatterers, are in-
jected to great depths (~12 m) by breaking waves
and Langmuir circulation [Zedel and Farmer, 1991}, the
under-ice surface waters provide an acoustically benign
environment. Trapped air bubbles remain close to the
ice-seawater interface as there are no comparable trans-
port mechanisms. The minimum deployment depth for
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contour interval: 1 m

0 50 100 meters 250
Figure 1. Bottom topography of a portion of the ice
field from which was deployed the triangular acoustic
array [Colony, 1989]. Contour intervals are 1 m. The
heights are vertical distance from the ice bottom to the
sea level. The locations of the triangular acoustic ar-
ray and of other measurements discussed are indicated.
Deep ice keels that extend to depths of 10 m compli-
cate the interpretation of conventional boundary layer
measurements.

the present acoustical experiment was dictated by the
need to avoid interference between ice keels and the di-
rect acoustic paths and by the ability of the instrument
to resolve the direct and the ice-reflected paths.

The turbulent boundary layer under ice is well mixed
and exhibits high Reynold’s numbers [McPhee, 1990].
Table 1 lists typical values for the mean and the vari-
ance of temperature, salinity, and velocity measured by
M. G. McPhee (personal communication, 1989) dur-
ing the experiment. These values were observed at the
6-m depth and correspond to 15-min averaging peri-
ods. A simplified empirical equation for sound velocity
[Brekhovskikh and Lysanov, 1991, section 1.1] is used to
estimate the contributions of temperature T, salinity S,
and streamwise velocity fluctuations u; to the refractive
index variance of the flow:

oX(T) ~ (4607/(c))? ~ 1072, (21)
ck(S) ~ (1.3505/(c))® ~ 107'%,  (22)
oi(u) &  (ou/{e)? ~ 107'°%  (23)

On the basis of these numbers, we expect velocity fine
structure to be the main source of forward acoustic scat-
ter and (13) can be used to estimate turbulent kinetic
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Table 1. Mean and Variance of Temperature, Salinity,
and Velocity at 6 m Depth

Parameter Value
(T) —1.839°C
o7 ={(T —(T)*) (107*°C)?
(5) 34.12 %,
od={((5-(5NH?) (1072 %)
U 0.1ms™!
ol = (ul) (0.01 m s7t)?

Data represent conditions typical of April 18, 1989, and
the averaging period is 15 min (M. G. McPhee, personal
communication, 1989). T is temperature, S is salinity, U is
the mean ice-relative velocity, and u; represents streamwise
velocity fluctuation.

energy dissipation rate from the amplitude scintillation
measurements.

Estimates of Energy Dissipation Rate

Figure 2 displays frequency spectra of log-amplitude
fluctuations G, (f) for two adjacent horizontal paths at
the 6-m depth. The spectra are normalized, so that
I3 Gy (f)df = (x*) consistent with (3). The shaded
areas enclose the 95% confidence interval. The solid
line on Figure 2 is the theoretical spectrum based on
(4), (6), (12), and (13) with e = 8 x 1078 W kg~ ™.
Owing to a limitation of the signal recording scheme,
which is discussed further later, the accuracy of the
scintillation measurements is restricted and white noise

Spectral density (s)

-2 0-1

10 1
Frequency (Hz)

Figure 2. Frequency spectra of log-amplitude fluc-
tuations G,(f) for two adjacent horizontal paths at
the 6-m depth, path length £ = 211 m, orientation
344°T. The spectra represent 7-hour averages starting
at 1155 UTC on April 18, 1989. During this period
the mean ice-relative velocity at that depth was 11
cm s, 55°T. The solid line is the theoretical spectrum
expected for an isotropic inertial subrange and dissipa-
tion rate ¢ = 8 x 1078 W kg~!. The dashed lines are
obtained by adding white noise to the theoretical spec-
trum at levels consistent with those observed at high
frequency. ‘
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dominates the high-frequency region. Nevertheless, af- -

ter correction for the observed noise level, the measured
log-amplitude spectral levels in the neighborhood of the

Fresnel maximum (dashed lines) are consistent with a
dissipation of ¢ = 8 x 1078 W kg~!. The correction is
based on the assumption of a white noise spectrum at
a level consistent with that observed at high frequency
which adds incoherently with the spectral level of the
signal. At low frequency the assumption of an isotropic
inertial subrange does not hold and no agreement be-
tween the measurements and the theory is expected.
In contrast to the log-amplitude spectra of Figure 2,
the shaded area on Figure 3 encloses the 95% confidence
interval of the path-averaged horizontal velocity spec-
trum Fy(k;) for the same measuring baseline and time
interval. Mean along-path velocity was obtained from

(U +ii)- £/ = (c) At/ (24)

where At and Xt represent the difference and sum of re-
ciprocal travel times, respectively. Taylor’s frozen field
hypothesis has been used to convert the measured fre-
quency spectrum to a spatial spectrum,

F(ky =2nf/U) = (U/2n)F(f). (25)
Fg(kl) is normalized, so that fooo Fg(kl)dkl = (ul2)/2
as per (15).

Before proceeding to use Figure 3 to estimate ¢, one
needs to understand what is signal and what is noise
as was done in considerable detail by Menemenlis and
Farmer [1992]. Briefly, they determined that the flat
part of the spectrum at high frequency is the result of
interference from the ice-reflected acoustic arrival and
that the spectral peak at k; = 2.5 is caused by rela-

Spectral density (m°® s7?)

107 10° 10'
Wavenumber, k, / « (m™)
Figure 3. Spectral density of path-averaged horizontal

velocity Fy(k1) at the 6-m depth for the same path and

time interval as Figure 2. The solid line is proportional .

to k1_8/3 at the level expected for an isotropic inertial

subrange and dissipation rate e = 8 x 1078 W kg~1. As
discussed in the text, the spectral peak at k; = 2.57 is
caused by relative motion between the two suspended
moorings. The dashed line is a correction to the theo-
retical spectrum for mooring motion noise.
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tive motion between the transducers during reciprocal
transmissions. Mooring motion error drops off rapidly
at frequencies higher than the mechanical resonance fre-
quency of the suspended moorings but remains rela-
tively flat at lower frequencies after an initial drop by a
factor of 4 from the resonance peak. The log-amplitude
spectra of Figure 2 are, to a large extent, insensitive
to mooring motion, but their accuracy is limited by
interference from the ice-reflected arrivals. In future
experiments both noise sources could be reduced by in-
creasing acoustic signal discrimination between the di-
rect and ice-reflected paths and by using the one-way
travel time measurements to predict and correct relative
mooring motion during each reciprocal transmission.

A line of slope —8/3 is fitted to the wavenumber
range corresponding to turbulent eddy scales w/k; = 2—
20 m (solid line). Smaller scales cannot be used for the
analysis because, as discussed, they are contaminated
by mooring motion. The proximity of the ice (6 m)
limits the validity of the isotropic assumption at these
scales. However, observations in turbulent flows [Gar-
gett et al., 1984] have shown uniform spectral slopes of
—5/3 extending beyond the inertial subrange with the
correct Kolmogorov constant 4 in (5), and we therefore
evaluate the dissipation € on this basis. Equation (16)
yields a mean value of € &~ 8 x 1078 W kg~!. Although
the range of scales at which the log-amplitude and the
path-averaged velocity measurements can be compared
is limited, both measurements produce consistent re-
sults.

In Figure 4 we compare the value of mean dissipation
rate obtained using scintillation analysis with profiles
obtained by Padman and Dillon [1991] using a shear
microstructure profiler. The shear microstructure pro-

0 g T
mean sea-ice thickness
5.
scintillation analysis ’
10
E 15
£
[«%
3 20t shear
” i microstructure
25| profiler
301
-8 -7
10 10

Dissipation rate (W kg~

Figure 4. Dissipation rate as a function of depth from
scintillation analysis (solid circle), and from shear mi-
crostructure profiles (stars) [Padman and Dillon, 1991].
The data points are 7-hour averages starting at 1155
UTC on April 18, 1989. The microstructure profiler
data are also averaged over 2-m depth bins. The dashed
line is an exponential fit to the profiler estimates of ¢,
and the solid line is an estimate of ¢(z) based on scin-
tillation analysis and the assumption of a logarithmic
surface layer extending out to 35 m depth.
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filer measurements are only reliable below about 12 m
because of instrument vibration following release. To
determine the contribution to the depth-integrated dis-
sipation rate,

D

Eint :/5(Z)dZ,

0

(26)

from the unresolved surface layer, 0 m < 2 < 12 m,
Padman and Dillon [1991] assumed that the dissipation
rate decays exponentially,

e(z) = aexp(—Bz), (27)
consistent with the decay rate found in the resolved por-
tion of the profile, 12 m < z < D, where D is the mixed
layer depth. The dashed line on Figure 4 is an expo-
nential fit to the profiler dissipation data. The solid line
is an estimate of dissipation rate obtained from scintil-
lation measurements using the constant stress surface
layer approximation of (20).

Figure 5 is an 11-day time series of turbulent kinetic
energy dissipation rate obtained using reciprocal travel
time measurements at the 18-m depth. Each point on
Figure 5 is obtained from a 12-hour average spectrum
of horizontally integrated velocity measurements. At
this depth, contamination of the measurements from
mooring motion occurred at a lower frequency than at
the 6-m depth, and we had to restrict the analysis to
the wavenumber range corresponding to turbulent eddy
scales w/k; =10-25 m. As before, it is assumed that
the —5/3 region extends outside the isotropic inertial
subrange for horizontal velocity fluctuations, and (16)
is used to estimate €. The acoustical measurements of
dissipation are compared with concurrent estimates ob-

e Wkg™)

U(ems™)

|
i
'

. yoppn— ", NS
S L s "

98 99 100 101 102 103 104

Julian day, 1989 UTC

Figure 5. (a) Comparison of estimates of dissipation
rate from a microstructure profiler (stars) [Padman and
Dillon, 1991], turbulence clusters (solid line) [McPhee,
1992], and the acoustical current meter (solid circles) at
the 18-m depth. (b) Ice-relative current speed at 18 m
depth.
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tained with the microstructure profiler by Padman and
Dillon [1991] and with turbulence clusters by McPhee
[1992]. From (20) the dissipation rate is expected to
scale roughly as the cube of the mean ice-relative cur-
rent speed, which is also displayed on Figure 5. The
qualitative agreement between the different types of
measurements is encouraging, given the respective lim-
itations of the instruments used; it is a demanding test
of the several assumptions made in order to arrive at
the above results.

Local Ice Strain

The particular configuration of the acoustic array
provides a direct measurement of circulation around the
ice keels enclosed by the acoustic paths:

I‘:j{u'ds:

where At is the reciprocal travel time difference around
the triangular array and (c) is the mean sound speed.
Typical values of circulation measured at the 6-m depth
during the experiment were of order 10 m? s~! for
mean ice-relative velocity of 0.1 m s™! [Menemenlis
and Farmer, 1992]. R. W. Stewart (personal communi-
cation, 1993) suggested that these measurements could
be used to estimate the “lift” force due to flow around
the ice keels. Here the lift force acts on the ice keels in a
horizontal direction perpendicular to the mean flow, in
a way similar to that of wind flowing around a sail. The
lift force per unit length L is proportional to circulation
I' and mean flow speed U [Kundu, 1990, section 6.10]:

(_C2>_2 At, (28)

L = pl'l, (29)
where p is seawater density. Figure 1 indicates that the
acoustic array encloses a pressure ridge keel with char-
acteristic depth of order 10 m. Therefore the lift force
exerted on the ice keel is of order 10* N for typical values
of I' and U measured during CEAREX. The magnitude
of this force is significant when compared to the drag
due to turbulent stress on the region spanned by the
acoustic array, 7, Ar ~ 625 N, where 7, ~ 0.03 N m~?
is the value derived earlier and Ar = 18,300 m? is the
area enclosed by the array. However on the one hand,
drag due to turbulent stress is more or less uniform and
unidirectional, and it adds up over large regions. On the
other hand, the magnitude of the lift force depends on
the depth and shape of each ice keel, and it is directed
either to the right or to the left of the mean ice-relative
flow. Therefore on average the effect of the lift force
on the ice is negligible. Nevertheless, this type of ice-
flow interaction may be at least in part responsible for
observed background noise in the strain measurements
obtained at the ice camp [ Williams et al., 1990; Czipott
et al., 1991]. For example, a force of 10* N applied
across a vertical section of the ice of area 100 m? would
cause a compressional strain of 1078, given the typi-
cal value of 101° Pa for the elastic modulus of sea ice
[Tabata, 1958].
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Discussion

We have obtained an estimate of energy dissipation
rate at the 6-m depth, ¢ = 8 x 1078 W kg~?, for a 7-
hour period during which the mean ice-relative velocity
at that depth was 11 cm s™!, with a standard deviation
of 1.2 cm s™!. This interval was selected for analysis
because the relatively constant flow speed and direc-
tion simplifies the interpretation of the data. Given
an overturning timescale of order 1 hour [Padman and
Dillon, 1991], it was assumed that the turbulent field
was sufficiently well developed and stationary to satisfy
the assumptions of steady state and statistical equi-
librium. It is now further assumed that the surface
layer approximations discussed earlier are also satisfied
at the 6-m depth. From (18), (19), and (20) we esti-
mate a turbulent stress near the ice-water interface of
7, = 0.03 N m~2, a drag coefficient Cp(6 m) = 0.003,
and a roughness length z, = 0.003 m. These values are
consistent with previous measurements under multiyear
pack ice [McPhee, 1990] of 0.002 < Cp(6 m) < 0.01 and
0.002 m < 2, < 0.1 m.

Under steady state conditions the atmospheric stress

exerted on the ice is balanced by drag at the ice-
water interface, a term normal to the velocity of the
ice due to planetary rotation and the gradient of in-
ternal ice stress (including loads transmitted from any
nearby land masses) [McPhee, 1990]. For a first-order
analysis we neglect internal ice stress and the Coriolis
term and assume the magnitude of atmospheric stress
is roughly balanced by the magnitude of oceanic stress
near the ice. During the dissipation measurements a
steady northerly wind, U,(2.82 m) = 7 m s™!, was
recorded [Guest and Davidson, 1989]. For the mea-
sured atmospheric conditions of —17°C, 1.03 bar, and
72% relative humidity, the density of air above the ice
is 1.4 kg m~3 (see Weast [1982], density of moist air).
We use the surface layer approximation (19) to esti-
mate the drag coefficient C,(10 m) = 4.3 x 10~* and
roughness length 2z, = 4.7 x 108 m associated with
momentum transfer between the atmosphere and the
ice. These estimates are much lower than previous
estimates over multiyear ice [Brown, 1990; Guest and
Davidson, 1991] and than concurrent atmospheric esti-
mates of C,(10 m) & 2.2 x 1072 and 2, ~ 2.0x 1073 m
(P. S. Guest, personal communication, 1989). There-
fore it is concluded that the internal stress gradient of
the ice cannot be neglected.

Padman et al. [1992] point out that diurnal tidal cur-
rents in the vicinity of the Yermak Plateau are enhanced
by the plateau topography. These tidal currents cause
stress divergence at the base of the ice which greatly ex-
ceeds the typical divergence of the surface wind stress.

' This mechanism is thought to be responsible for the
anomalously deep mixing layer observed under the ice
camp (~100 m) and for introducing the large internal
stress gradients inferred above.

The kinetic energy flux from the ice to the ocean is
proportional to pu?2, where p is seawater density and
u, is friction velocity as in (20). Padman and Dillon
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[1991] estimated the proportionality constant by assum-
ing that all kinetic energy input at the surface is dis-
sipated locally and that buoyancy effects are negligi-
ble. They estimate that the depth-integrated dissipa-
tion rate is

(30)

This may be compared to proportionality constants of
4 and 6 obtained from open ocean studies by Oakey and
Elliott [1982] and Dewey and Moum [1990], respectively.
The lower value in the Arctic may, in part, result from
the unique mechanism of momentum transfer between
the ice and the mixed layer and from the absence of sur-
face waves or direct interaction between the atmosphere
and the ocean.

Figure 4 suggests that another possible cause for the
low proportionality constant may be that energy dissi-
pation rate is underestimated by profiler data because
the unresolved near-surface dissipation rates are higher
than approximation (27) made by Padman and Dillon
[1991]. Specifically, if (20) instead of (27) (i.e., the solid
line instead of the dashed line in Figure 4) is used to
estimate ¢ in the unresolved near-surface waters (0.1 to
12 m from the bottom of the ice), then an additional
1.5 x 10~® m® s~2 would be obtained, which would dou-
ble the proportionality constant in (30) and bring it
more in line with previous estimates.

~ 3
€int & 2.4 pu,’.

Conclusions

Though a limitation of the signal-recording scheme
restricts the accuracy of the scintillation measurements,
the present results demonstrate the usefulness of am-
plitude scintillation analysis and reciprocal travel time
measurements for the study of the Arctic boundary
layer. The simultaneous availability of both types of
measurements makes it possible to separate the contri-
butions of sound speed and water-particle velocity fine
structure to forward acoustic scatter. The observed log-
amplitude variance measured during the Arctic experi-
ment is almost exclusively caused by velocity fine struc-
ture. Therefore scintillation analysis can be used to
estimate turbulent kinetic energy dissipation rate and
provides an independent check on the value obtained
using reciprocal travel time measurements.

The comparison of dissipation estimates in Figures
4 and 5 is a check on the assumptions made for arriv-
ing at estimates of €. The greatest uncertainty for the
reciprocal travel time method lies in the extension of

the lcl_s/ 8 range outside the Kolmogorov inertial sub-
range. The rough agreement between the four types
of measurements is encouraging. Minor modifications
to the acoustic instrumentation could provide the full
spectrum and improve the results substantially.

The principal advantage of the methods described in
this paper is the ability to obtain measurements which
are averages over long measuring baselines, thus over-
coming some of the limitations of conventional point
measurements in studying intermittent and localized
turbulence events.
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